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Vortex sheddingAbstract By employing the lattice-Boltzmann method (LBM) with respect to Bhatnagar–Gross–
Krook (BGK) collision model, a 2-D computational study is performed to investigate the ﬂow
structures, force coefﬁcients and vortex-shedding characteristics behind a single-square cylinder
and two side-by-side cylinders at different spacing conditions (1.0 6 T/D 6 4.5). The ﬂow patterns
around the square cylinders are determined using the contour plot. Signiﬁcant observations from
this study are as follows: (a) a ﬂip ﬂop regime is observed for T/D= 1.0, whereas a wiggling/Flutter
shielding pattern is observed at T/D= 3.5 and a synchronized ﬂow pattern is observed for the spac-
ing ratio of T/D= 4.5, (b) the frequencies observed for the smaller spacing ratios (T/D= 1.0; 3.5)
having numerous peaks in the spectra. Subsequently the frequencies were observed at T/D= 4.5
having a single dominating peak frequency, (c) the main motivation for the signiﬁcant variation
in ﬂow patterns is due to the changes in mean drag coefﬁcients, root mean square values of the aero-
dynamic coefﬁcients and Strouhal number, (d) it is observed that the formation of vortex strongly
depends on the spacing ratios between the cylinders. From the results, it is identiﬁed that the cylin-
ders at higher spacing ratios (T/D= 4.5) produce minimum oscillation when compared to the smal-
ler spacing ratios.
 2016 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The ﬂuid ﬂow over the structures has been widely investigated
by many researchers especially tubes employed in heat
exchangers, wind turbines etc. In the view of controlling the
vortex shedding and thus reducing the ﬂow-induced vibration,it becomes a challenging problem in the ﬁeld of ﬂuid dynamics.
The vibration induced by the ﬂuid ﬂow can be classiﬁed
according to the nature of the ﬂuid structure interaction, as
shown in the following Table 1.
Among that, four excitation mechanisms were observed to
be signiﬁcant for the induced vibrations during ﬂuid structure
interaction, Blevins [4], which were as follows, (a) Turbulent
Buffeting, (b) Vortex Shedding, (c) Acoustic Resonance, and
(d) Fluid elastic instability.
The ﬂuid-ﬂow is broadly classiﬁed into three, i.e. internal,
external and free shear ﬂow. The present study is about the
Nomenclature
L fractional length of the test cylinder
(U= (u1, u2)) ﬂow velocity
Re Reynolds number
T center-to-center transverse spacing (pitch) (m)
T/D transverse Pitch Ratio
U free stream velocity
Cd drag coefﬁcient
St Strouhal number
Cl lift coefﬁcient
St Strouhal number
t time
c damping parameters
k stiffness
f vortex shedding frequency
~ci unitary velocity along the direction ‘‘i”
D0 space dimensions (D’2Q9 Lattice)
Q number of particles in the computational node
adopted
~uðX!;TÞ velocity ﬂow ﬁeld
P
!ðX!;TÞ pressure ﬁeld
Lx longitudinal length of the computational domain
Ly vertical length of the computational domain
1054 K. Karthik Selva Kumar, L.A. KumaraswamidhasFlow induced vibration (FIV) due to the external ﬂow of ﬂuid
over the bluff bodies i.e. square cylinders. Basically interaction
between the ﬂuids and the structures is more of a complex phe-
nomenon to study. Shiels et al. [24] found that the Flow
induced vibration (FIV) of an elastically constrained 2-D cir-
cular cylinder has become a signiﬁcant problem in studying
the interaction between the ﬂuids and structures. For these
types of problems, Cheng and Zhou [6] suggested the novel
surface perturbation technique to control the factors which
are involved in the ﬂuid–structure interactions such as vortex
shedding, ﬂow-induced vibrations and vortex-induced noises.
From the view of various researchers, some possible sources
for the Flow induced vibration (FIV) and its analyzing tech-
niques are stated below. The Flow Induced Vibration (FIV)
is developed due to an alternating low-pressure, caused by
the vortex shedding, behind a submerged cylinder, Lee et al.
[12]. From the studies of Pettigrew et al. [22], it was identiﬁed
that the occurrences of vibration induced in the tube bundles
by the cross ﬂow are mainly due to the ﬂuid elastic instability.
Ajith Kumar and Gowda [2], and Korkischko and Meneghini
[18] suggested that the total number of cylinders and its
arrangements were one of the parameters which had signiﬁcant
impact on the induced vibration due to ﬂuid ﬂow. Kang et al.
[17], proposed an axial-ﬂow-induced vibration model to
evaluate the sensitivity to spring stiffness on the Flow InducedTable 1 Mechanism causing vibration by the nature of ﬂuid
structure interaction [14–16].
Mechanism causing vibration
1. Additional added masses
2. Inertial coupling eﬀect
3. Instability due to parallel ﬂow
4. Induced vibration due to turbulence
5. Induced vibration due to ocean wave
6. Sonic fatigue
7. Induced vibration due to vortex shedding
8. Galloping and ﬂutter
9. Induced vibration due to ﬂuid elastic instability
10. Multi-phase buﬀeting
11. Acoustic resonance
12. Hydraulic transients
13. Environmental excitation
14. Transmitted mechanical vibrationVibration (FIV) of the bluff bodies. The important parameters
of the heat exchangers to withstand the Flow Induced Vibra-
tion (FIV) are damping, mass per unit length, mass ratio,
etc., which must be signiﬁcantly evaluated at the stage of
designing, Gelbe et al. [8]. Ostanek and Thole [20] investigated
the near wake ﬂow developed through the arrays of staggered
pin ﬁns in a heat exchanger. Zhou [30] experimentally investi-
gated the ﬂow behind three side-by-side circular cylinders
using different techniques, including Particle Image Velocime-
try, Hot-Wire Anemometry, Laser-Illuminated Flow Visual-
ization and Laser Doppler Anemometry. Biswas and Ahmed
[5], investigated the self-excited lateral vibration of a pipe
due to an internal ﬂuid ﬂow and applied an integral minimum
principle of Pontryagin to analyze the optimum ﬂow velocity
for lesser pipe vibration i.e. to maximize the ﬂuid transport
efﬁciency whereas, it is important to maximize the ﬂow veloc-
ity while minimizing the lateral vibration of the pipe. Perotin
and Granger [21], stated that the dynamic behavior of the tube
equipped with all the linear and non-linear supports, deduced
from an identiﬁed turbulent excitation, which provides a
highly satisfactory validation for the regularized inverse iden-
tiﬁcation process. Kim and Cho [23], applied a mode frequency
analysis, subroutine of Structural Routine in ANSYS, to carry
out the analysis of the natural frequency and relative ampli-
tude of the tube. Jubran et al. [13], applied the newly developed
joint time–frequency analysis (JTFA) techniques and in partic-
ular, the modulated Gaussian wavelet to identify the character-
istics of the Flow Induced Vibration (FIV) of an elastically
mounted single cylinder subjected to cross ﬂow. Ajith Kumar
et al. [3] analyzed the ﬂow-induced oscillations of a square sec-
tion cylinder under interference conditions using a data-mining
tool called ‘decision tree’. Wu et al. [29], investigated the high-
frequency perturbation effects on the performance, to suppress
the Flow Induced Vibration (FIV) in the bluff bodies. The
component failures due to excessive Flow Induced Vibration
(FIV) continue to affect the performance and reliability of
the equipments; such failures are very costly in terms of repairs
which lead to loss of production, Pettigrew et al. [22]. Besides
the study on circular cylinders under different conditions, the
investigations of ﬂow characteristics around the square cylin-
ders/structures were also important phenomena. Some of the
investigations performed on square cylinders are as follows,
and Kolar et al. [19] conducted a phase averaging along with
investigating the inﬂuence of vortices near the gap and at the
Numerical investigation on cross-ﬂow characteristics 1055outer shear layers on a set of square cylinders by employing the
2-component laser Doppler velocimetry at the Reynolds num-
ber of 23,100 and T/D= 2. In turn, Agrawal et al. [1] per-
formed the numerical study on ﬂuid ﬂow over the square
cylinders for the Reynolds number of 73, by employing linear
stochastic estimation technique, whereas it is observed that the
conﬁguration of in-phase and anti-phase occurs in the ﬂip ﬂop
regime with equal probabilities. In this article, the study is
restricted to a 2D incompressible ﬂuid ﬂow around the square
cylinders. In the current study, a numerical analysis is done by
employing Lattice Boltzmann method along with a BGK col-
lision model for single relaxation time, to identify the ﬂuid ﬂow
characteristics and vibration excitation in the square cylinders
side-by-side conﬁguration at different spacing ratios. Further
the observed results are validated with the previous work being
discussed.
2. Computational analysis
The aim of the computational study is to predict the vibration
response of the side-by-side square cylinders arranged in differ-
ent spacing condition. The schematic representation of the
square cylinders arranged in side-by-side conﬁguration with
the applied conditions is shown in Fig. 1.
In turn, the lattice-Boltzmann method (LBM) is employed
in the current study to simulate the interaction of ﬂuid ﬂow
with mounted square cylinders at three different transverse
spacing ratios. In which ~ci represent the unitary velocity along
the direction i of a D’2Q9 lattice, the D’ represents the space
dimensions and Q the number of particles in the computa-
tional node adopted for the study. Where, the unitary cell is
a square developed by quad, j~cij=1.0, in turn the principal
direction by the quad, j~cij =
ﬃﬃﬃ
2
p
, diagonals and by single
j~cij= 0. Let NiðX!; tÞ designate the particle dispensation in
the ‘i’ direction of the plot X
!
, at the time t. The Lattice
Boltzmann equation with respect to Bhatnagar–Gross–Krook
(BGK) collision model is written as follows:
NiðX!þ~ci; tþ 1Þ NiðX!; tÞ ¼ N
eq
i ðX
!
; tÞ NiðX!; tÞ
s
; ð1ÞFigure 1 (a) Computational node with eight moving particles (repre
model of square cylinders arranged in side-by-side conﬁguration subjeIn this study employing single relaxation times that are
ﬁxed in lattice units, may be evaluated by scaling every relax-
ation time with the Mach number in the same way as the stress
relaxation time, s ¼ ﬃﬃﬃ3p N Ma=Re in lattice units. The accept-
able incompressible limit exists if the modes are assigned for a
ﬁxed Reynolds number Re, instead of an explicit relaxation
time. This Reynolds number may differ from the usual Rey-
nolds number associated with the shear viscosity, but estab-
lishes the relaxation time as a function of Reynolds number,
Mach number, and spatial resolution by the similar formula
that relates the stress relaxation time to the accustomed Rey-
nolds number. The Neqi ðX
!
; tÞ is an equilibrium distribution
that can be contemplated as a D2Q9 Gaussian quadrature of
Maxwell–Boltzmann continuous distribution function [X.
He, L.S. Luo] is given as
Neqi ðX
!
; tÞ ¼ wiq 1þ ci:u
c2s
þ ðci:uÞ
2
2c4s
 u
2
2c2s
( )
; ð2Þ
where wi = 1/9 of the principal axis particle, i= 1,2,3,4;
wi = 1/36 of the diagonals particles, i= 5,6,7,8; and
w0 = 4/9 for the rest of the particle respectively. For the
D2Q9 lattice c2s = ð1=
ﬃﬃﬃ
3
p Þ2 is the square for the LB sound
velocity. In each time step, the velocity ﬂow ﬁeld ~uðX!; tÞ and
the pressure P
!ðX!; tÞ respectively are deliberated by employing
q~u ¼
X
i
Ni~ci; ð3Þ
P ¼ c2s
X
i
Ni ¼ c2sq ð4Þ
In order to extend the results upon an inﬁnite number of
cylinders, in this case a recurrent boundary condition is
applied on the lateral sides of the cylinders (Fig. 1). A
bounce–back condition is employed for simulating the ﬂow
adherence at the boundaries of the solids, in which, by neces-
sitate that NiðXb; tþ 1Þ ¼ NiðX!b; tÞ for all the b-area at the
ﬂuid domain closest to the solid-boundaries also for all the
domains in the direction ‘i’, where a rough surface developed
with respect to the discreteness of the considered discretesenting 1–8) along with a single particle at rest (0). (b) Numerical
cted to cross-ﬂow.
1056 K. Karthik Selva Kumar, L.A. Kumaraswamidhascircles, which needed to enlarge the simulation domain until
the results observed from simulation become insentient to
the effects of discreteness. To overcome the stability related
problems occurring in other methods during the simulation,
as per the X. He, L.S. Luo [10] demonstration, Lattice Boltz-
mann equation is considered to be a special form of discrete
Boltzmann continuous equation. According to that, some
attempt has been taken in consideration for the lattice Boltz-
mann simulations, in re to implement the irregular lattices
and/or varying the mesh size. For varying the mesh size an
interpolation is required, which results in the increase in the
stability related problems, where, the present study is restricted
to uniform D2Q9 lattice. The Reynolds number is calculated
by using
Re ¼ UL=m ð5Þ
In which L represents the frontal length of the test cylinder,
where m ¼ ð1=2Þ
3
is the LB kinematic viscosity in D2Q9 lattice.
The complete force exerted by the ﬂuid on the surface of
square cylinders having the surface boundary C is deliberated
as,
F
!
¼
X
C
X
i
½NiðX!C; tþÞ þNiðX!C; tÞ~ci; ð6Þ
whereby deliberating the momentum variation at each area X
!
C
in the ﬂuid domain adjacent to the boundary surface, taking
into account the particles NiðX!C; tÞ in the direction of ‘i’ indi-
cating the surface, prior to the propagation, which bounce
back in the ‘i’ direction, besides propagation, NiðX!C; tþÞ.
In turn, in this case the drag and the lift forces are in x and
y directions with respect to F
!
, where the ﬂow pattern is propor-
tional with respect to main ﬂow (x) direction, the lift force is
found to be zero. Normally, it is happened with respect to
the immersed cylinders at smaller Reynolds number. Whenever
Reynolds number increased, the vortex shedding behind the
bluff bodies producing an oscillating lift and amplitude similar
to the frequency of the vortices developed, and the average
Drag Cd and Lift coefﬁcient Cl is deliberated with respect to
the time average as
CdðtÞ ¼ FðtÞð1=2ÞqU2D ð7Þ
ClðtÞ ¼ FðtÞð1=2ÞqU2D ð8ÞFigure 2 Variation in the St with respect to Re for a single
square cylinder. (See above-mentioned references for further
information.)The code employed in this study is validated by comparing
the results of single square cylinder with results of previous
studies. By employing a parabolic velocity inlet proﬁle the vari-
ation in St with respect to the Re is plotted in Fig. 2
St ¼ fD=U ð9Þ
where f represents the vortex shedding frequency, and in turn
the observed results were found to be in good agreement with
the results of previous studies, which shows the reliability of
the code employed along with the spatial and temporal
resolutions.
The drag and lift coefﬁcients along with spectral analysis of
the single square cylinders at Re= 100 are given in Fig. 3. It
clearly shows that the excitation behavior of the single square
cylinder in the range of 0.28, and further the Fourier spectrum
of the lift coefﬁcients clearly state the peak at 2.5 * 10e4.
2.1. Problem description and mesh system
In the article, single and two square cylinders are investigated
at different interference cylinders arranged symmetrically with
respect to the Cartesian coordinates at Re= 100. The trans-
verse spacing ratio between the cylinders varies from T/
D= 1.0, 3.5, 4.5 respectively. The schematic representation
of the computational area is shown in Fig. 1(b) along with
the boundary conditions, where the entire computational area
is deﬁned as X ¼ ðLX  LYÞ, where Lx = 1000 and Ly = 300
regarding the boundary condition, and a no-slip boundary
condition is applied on the cylinder surface. In turn a Dirichler
boundary condition employed on the inlet is u1 ¼ U1&u2 ¼ 0,
where at the outlet of computational area the boundary condi-
tion is @u1
@x
¼ 0, whereas at the other lateral boundaries, a slip
boundary condition is applied as @u1
@y
¼ 0&u2 ¼ 0 and (U=
(u1; u2)) represents the velocity of the ﬂuid. The spatial ability
is further tested by changing the number of respective grid
points (12, 24 & 48) that delineate the cylinder, also comparing
the St values for different Re in Table 2. Regarding the 12-
point grid the computational domain consists of 400  100
points along the longitudinal and transverse directions, gaining
a blockage ratio of 0.16, where it is apparent that the difference
in the St between the three resolution for a range of Re is
found to be less (<5%) and further the drag coefﬁcient and
vibration amplitude indicating a difference of 2.2% and
0.5%, respectively between the grid points of 24 and 48. From
the result, it is observed that at the convergence has taken
place at the grid having 24 points.
Ensuing test with square cylinders in the cross ﬂow satisﬁed
with the observed results. Initially, it was recognized that the
deviation in the results between the 12 and 24 grid point is
found to be small, which suggests that the 24 grid point might
be suitable for the computation. The maximum value was
observed for the normalized u0 (longitudinal velocity compo-
nent) and v0 (transverse velocity component) in the ﬂip ﬂop
regime of 25% and 36% for the 12 points grid, and in turn
for the 24 grid point the ﬂip ﬂop regime is observed to be
26% and 37%. Besides, the test on lift and drag coefﬁcient
shows a converged result within 2%. Certainly upon increasing
the resolution to 48 grid points for all the phenomena dis-
cussed in this article shows an excellent agreement with the
observed value of St. From the above test results, the ability
of producing better results on a 24 grid point is proved for
Figure 3 (a) Cd, Cl of an mounted square cylinder at Re= 100; (b) Fourier spectrum of Cl at Re= 100.
Table 2 Variation in the Strouhal number at different Re along with the variation in Drag and Lift coefﬁcient at Re= 100 due to the
inﬂuence of spatial resolution due to the inﬂuence of spatial resolution for a single square cylinder.
Re= 60 Re= 80 Re= 100 Re= 120 Re= 150 Cd Cl
St 12 points 0.1334(0.6%) 0.1396(0.6%) 0.1456(0.6%) 0.1515(0.6%) 0.1556(0.5%) 1.377(1.2%) 0.381(1.0%)
24 points 0.1351(0.6%) 0.1412(0.5%) 0.1462(0.5%) 0.1522(0.6%) 0.1571(0.5%) 1.383 0.386
48 points 0.1367 0.1412 0.1467 0.1521 0.1576 – –
Table 3 Detailed aspects of grid system employed.
Condition Grid system Elements Nodes
Single cylinder 12 50,162 25,285
24 54,598 28,527
Two cylinders at 1.0 12 52,578 26,039
24 65,226 33,065
Two cylinders at 3.5 12 54,768 26,894
24 65,431 34,326
Two cylinders at 4.5 12 54,758 26,886
24 65,544 34,342
Numerical investigation on cross-ﬂow characteristics 1057all the ensuing computations. To assure the mesh indepen-
dency, a mesh reﬁnement study is determined for the numerical
resolution. Two cases of grid system are employed, named
respectively as G1 and G2 considered for the mesh indepen-
dence study, and the mesh generation parameters are shown
in Table 3. At the period of mesh reﬁnement, the time integra-
tion is performed by employing the predictor – corrector
method, where the non-dimensional time integration interval
is set to 0.001 for the grids G1 & G2 respectively. In Table 3,
the global parameters of the calculated values for the test cylin-
ders are mentioned. From Table 3, it is observed that the mesh
changes from G1 to G2, bestow the test results observed, at
low Reynolds number the agreeable spatial and temporal res-
olutions for the simulations can be obtained by employing the
grid G2 at Dt ¼ 0:001. The total mesh employed in the grid G2
for the case of square cylinder with two interfering cylinders
arranged in staggered conﬁguration in upstream at different
spacing ratios consists of, total 65,544 elements with 34,342
nodes.3. Results and discussion
3.1. Drag and lift coefficients
In the interest of compendiousness, three groups of drag and
lift force time histories represented with respect to the trans-
verse spacing ratios T/D= 1.0, 3.5, 4.5 respectively in Fig. 4
(a–c). Whereas the solid green line represents the drag coefﬁ-
cient, the stretched line represents the lift coefﬁcient. From
the results, it was observed that irregular vortex shedding
and non periodic frequencies of lift and drag coefﬁcients
occurred at the smaller transverse spacing ratio shown in
Fig. 4(a). The mean value for the drag coefﬁcient Cd mean is rep-
resented in Fig. 5 as a function of T/D, whereas, it is compared
with the results of previous work observed for a single cylin-
der, it shows that, the calculated drag coefﬁcient is decreasing
at the initial stage and then slowly increasing with respect to
the increase in the transverse gaping ratios T/D, in which at
smaller spacing ratios the free shear layer developed in the
outer wake may affect the adjacent cylinder resulting in the
increase of maximum vibration amplitude.
The vibration amplitude and wake patterns were brieﬂy dis-
cussed in the following sections. In turn, a signiﬁcant variation
in the mean drag coefﬁcients between the test cylinders in the
transverse gap ratios ranges between 1.0 and 3.5, which shows
that the ﬂuid ﬂow acquaintance shows a signiﬁcant transfor-
mation in the ﬂow patterns in the respective regimes. The
Cdrms, & Clrms, are the root mean square values (rms) of drag
and lift coefﬁcients respectively (Figs. 6 and 7), where the vari-
ation in the rms values of drag and lift for the cylinders at
smaller gaping ratios such as 1.0, and 3.5 represents that the
Figure 4 (a) Drag and Lift force coefﬁcient response of the mounted side-by-side square cylinders at T/D= 1.0 (Upper cylinder; Lower
cylinder); (b) Drag and Lift force coefﬁcient response of the mounted side-by-side square cylinders at T/D= 3.5 (Upper cylinder;
Lower cylinder); (c) Drag and Lift force coefﬁcient response of the mounted side-by-side square cylinders at T/D= 4.5 (Upper cylinder;
Lower cylinder).
Figure 5 Mean drag coefﬁcient with respect to change in the
Transverse spacing ratios (T/D) at Re= 100.
Figure 6 Variation of Cd rms values with respect to change in the
Transverse spacing ratios (T/D) at Re= 100.
1058 K. Karthik Selva Kumar, L.A. Kumaraswamidhasdeveloped free shear layers from the test cylinders were reat-
tached with the adjacent surface or the structures. Whereas
the spacing ratio at 4.5 increases the rms values of the dragcoefﬁcients test cylinder start to decrease. This shows that
the effects are due to the variation in the vortex formation
and vortex shedding. At smaller transverse gaping ratios, the
rms values of the lift coefﬁcient are observed to be vey less.
Figure 7 Variation of Cl rms values with respect to change in the
Transverse spacing ratios (T/D) at Re= 100.
Numerical investigation on cross-ﬂow characteristics 1059When the test cylinders initiate to shed the vortices with
respect to the spacing ratios, the rms values are found to be
increasing after the spacing ratios of 3.5, whereas at certain
gaping ratios, the root mean square value (rms) of lift coefﬁ-
cient is increasing in the initial stage and then starts to decrease
with respect to increase in the gaping ratio T/D.Figure 8 (a) Fourier Spectrum for Cl at T/D= 1.0; Re= 100; (b
Spectrum for Cl at T/D= 4.5; Re= 100. (d) Variation in the St with3.2. Spectral frequency
The Fourier spectrum analysis for the lift the coefﬁcients is
carried out at three different spacing ratios as T/D= 1.0,
3.5, & 4.5 respectively to identify the Strouhal number. Fur-
ther, the Strouhal number is obtained by identifying the spec-
tral domination in the respective spectra. The results of the
Fourier spectral analysis for the mounted side by side square
cylinder at T/D= 1.0 are represented in Fig. 8(a)). Similarly
the subsequent results at T/D= 3.5 & 4.5 are represented in
Fig. 8(b) and (c) respectively. Besides, a single domination
peak is observed for the mounted square cylinder at T/
d= 4.5, which represents the vortex shedding frequency. In
turn for smaller gap ratios, there is a deﬁnite peak observed
at the spectra, and it gives a primary non dimensional vortex
shedding frequency in the test cylinders. At higher spacing
ratios the vortex shedding frequency is observed to be a single
dominant peak in the spectral area of Fig. 8(c). Further the
changes in the Strouhal number with respect to the spacing
ratio T/D at Re= 100 are validated with the results of previ-
ous work in single and multiple square cylinders arranged in
side-by-side conﬁguration [26–28] is shown in Fig. 8(d). This
reveals that, the Strouhal number observed for the single cylin-
ders was found to be almost equal at Re= 100, and further
the Strouhal number with respect to the cylinders arranged
in side by side conﬁguration is found to be decreasing with
increase in the spacing ratio until it reaches T/D= 3.5.) Fourier Spectrum for Cl at T/D= 3.5; Re= 100; (c) Fourier
respect to T/D.
Figure 9 Pressure coefﬁcient of the square cylinders at different spacing ratios: (a) lower cylinder, (b) Upper cylinder.
Figure 10 (a) Flow characteristics of single square cylinder, (b) Flow characteristics of mounted side by side square cylinders at T/
D= 1.0, (c) Flow characteristics of mounted side by side square cylinders at T/D= 3.5, (d) Flow characteristics of mounted side by side
square cylinders at T/D= 4.5.
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The mean pressure coefﬁcient (Cp) distribution on the surface
of the test cylinder is analyzed and the observations are shown
in Fig. 9. Besides from the stagnation point the angle (h) is
measured in clockwise direction. The present study on square
cylinders, the pressure distribution at different range of Rey-
nolds number shows in general of having good agreement with
the empirical data of the referenced research work [9]. Subse-
quent to the point at, where the slope of the pressure coefﬁ-
cient is observed to be changing it curve length, in general
the observed behavior of the pressure coefﬁcient on the surface
of the test cylinders. On the other hand, the base pressure coef-
ﬁcient is difﬁcult for computation because of its correlationwith the shedding frequency, length of the large scale vortex
formation and the span wise vorticity of the Karman vortices
along with the cylinder aspect ratio.
3.4. Flow structures
The vortex shedding is one of the signiﬁcant phenomena for
the induced vibration during the ﬂuids–structure interaction.
Whenever it is formed, the vortices were alternatively shed in
the top and bottom of the cylinder surfaces. Besides there
are always some physical changes accompanied with the vortex
shedding during the ﬂuid ﬂow over structures. In this article,
the different ﬂow pattern observed for the mounted side by
side square cylinder was discussed as follows. Basically the ﬂip
Numerical investigation on cross-ﬂow characteristics 1061ﬂop ﬂow regime is observed to be a narrow and wide wake
behind the test cylinders respectively. In the present study by
employing LBM, for the case of T/D= 1.0; Re= 100
(Fig. 10(b)), the results reproduce the characteristic feature
of the ﬂip ﬂop regime exactly by exploring the bi-stable char-
acters of the ﬂow. It was identiﬁed that for certain period of
times, the vortices observed behind the one cylinder are found
to be maximum 3-times on the stream as compared to the adja-
cent test cylinder. Besides, an interesting fact was observed for
the simulation with lesser resolution, and the ﬂow will become
unstable within a fewer steps of computation due to its unsta-
ble characters in the ﬂow regime.
The instability in the regime is appeared due to the inter-
action of the ﬂuid ﬂow between the test cylinders with
respect to the wakes in the adjoining. From Fig. 10(c), an
irregular ﬂow pattern is observed that is for the mounted
side by side square cylinders at T/D= 3.5, whereas, it is
found out that the free shear layer in the inner area is
reattached to the surface of the lower test cylinder. As the
result of free shear layer in the outer area is alternatively
ﬂutter near the lower cylinder, this type of ﬂuid ﬂow pattern
is mentioned as wiggling/ﬂutter shielding ﬂuid ﬂow pattern.
In the case of wiggling/ﬂutter shielding ﬂow pattern, the
St is observed to be smaller than the single square cylinder.
Fig. 10(d) reveals to be a ﬁnest agreement of synchronized
regime with respect to the vortex shedding locked at
in-phase, whereas, the shedding of vortex is observed at
the initial stage of simulation due to the fact that ﬂuid ﬂow
starts from the rest [11]. Besides the relative distance
between the observed vortices is compared, which reveals
that the interaction of the inner vortices is found to be
stronger than the outer one. This shows that the effects of
outer vortices on the structures are nearly suppressed with
respect to the inner vortices.
4. Conclusion
In this study a 2-D Numerical investigation is performed to
analyze the ﬂuid ﬂow characteristics over a single-square cylin-
der and two side-by-side square cylinders for different spacing
ratios at Reynolds numbers (Re= 100). The ﬂow behaviors
and ﬂow patterns were examined in detail, and the aerody-
namic coefﬁcients along with the vortex-shedding frequency
are determined. Further the signiﬁcant observations through-
out the study were as follows, and there were four different
ﬂuid ﬂow patterns observed for the test cylinders arranged in
various spacing conditions:
 A ﬂip ﬂop regime is observed for T/D= 1.0, whereas a wig-
gling/Flutter shielding pattern is observed at T/D= 3.5 and
a synchronized ﬂow pattern is observed for the spacing
ratio of T/D= 4.5
 The frequencies observed for the smaller spacing ratios (T/
D= 1.0; 3.5) have numerous peaks in the spectra. Subse-
quently the frequencies observed at T/D= 4.5 have a single
dominating peak frequency.
 The main motivation for the signiﬁcant variation in ﬂow
patterns is due to the changes in mean drag coefﬁcients,
root mean square values of the aerodynamic coefﬁcients
and Strouhal number. It is perceptible that the formation of vortex strongly
depends on the spacing ratios between the cylinders. From
the results, it is identiﬁed that the cylinders at higher spac-
ing ratios (T/D= 4.5) produce minimum oscillation when
compared to the smaller spacing ratios.
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